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Neutrino-nucleus elastic scattering provides a unique laboratory to study the quantum mechani-
cal coherency effects in electroweak interactions, towards which several experimental programs are
being actively pursued. We report results of our quantitative studies on the transitions towards
decoherency. A parameter (α) is identified to describe the degree of coherency, and its variations
with incoming neutrino energy, detector threshold and target nucleus are studied. The ranges of
α which can be probed with realistic neutrino experiments are derived, indicating complementar-
ity between projects with different sources and targets. Uncertainties in nuclear physics and in α
would constrain sensitivities in probing physics beyond the standard model. The maximum neutrino
energies corresponding to α>0.95 are derived.
PACS numbers: 13.15.+g, 03.65.-w, 21.10.Ft
The elastic scattering of a neutrino with a nucleus [1, 2]
νAel : ν + A(Z,N) → ν + A(Z,N) , (1)
where A(Z,N) denotes the atomic nucleus with its re-
spective atomic, charge and neutron numbers, is a fun-
damental electroweak neutral current process in the Stan-
dard Model (SM) which has never been experimentally
observed. It can provide a sensitive probe to physics
beyond SM (BSM) [3, 4] and plays an important role
in astrophysical processes [1, 5]. It offers prospects to
study neutron density distributions [6], to detect super-
nova neutrinos [7] and to provide a compact and trans-
portable neutrino detector for real-time monitoring of nu-
clear reactors [8]. The νAel events from solar and atmo-
spheric neutrinos are the irreducible background [9] to
forthcoming generation of dark matter experiments [10].
There are active experimental programs to observe and
measure the processes with neutrinos from reactors [11]
or from decay-at-rest pions (DAR-pi) [4] with a spallation
neutron source [12].
The νAel reaction provides a unique laboratory to
study the quantum mechanical coherency effects in elec-
troweak interactions. At low momentum transfer, the de
Broglie wavelength of the neutrinos is large compared
with the nucleus, and the scattering amplitude of in-
dividual nucleons will coherently add to contribute to
the cross-sections. Typically the neutrino energy (Eν)
and the measurable nuclear recoil kinetic energy (T )
are much less than the target nucleus mass (M) in the
discussion of coherency. The three-momentum transfer
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(q ≡ |~q|) is given by q2=2MT + T 2'2MT . Kinematics
places constraints to the maximum recoil energy to be
Tmax=2Eν
2/(M + 2Eν)'2Eν2/M .
A generic scale of Eν<50 MeV is usually taken to char-
acterize the requirement of coherency. The theme of this
article is to quantify this transition − the first such inves-
tigation in the literature. We parametrize the degree of
coherency and study its dependence on Eν , nuclear recoil
detection threshold (Tmin), and the nucleus A(Z,N). Po-
tential reaches of the up-coming experimental programs
are derived.
The differential cross-section of νAel scattering in SM
is given by [2]:
dσνAel
dq2
(q2, Eν) =
1
2
[
G2F
4pi
] [1− q
2
4Eν
2 ] (2)[
εZFZ(q
2)−NFN (q2)
]2
or, equivalently, in the experimental measurable T as
dσνAel
dT
= 2M
[
dσνAel
dq2
]
(3)
where FZ(q
2) and FN (q
2) are, respectively, the proton
and neutron nuclear form factors for A(Z,N), while
ε≡(1−4 sin2θW)=0.045, indicating the dominant contri-
butions are from the neutrons. The total cross-section
depends on (Eν , Tmin;M,Z,N) and is given by:
σνAel =
∫ q2max
q2min
[
dσνAel
dq2
(q2, Eν)
]
dq2 (4)
where the integration limits of
q2max=4Eν
2[M/(M+2Eν)]'4Eν2 and q2min=2MTmin
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FIG. 1: (a) nuclear form factor F (q2) as function of T ,
related by q2 = 2MT ; (b) differential cross-section of νAel as
function of T at Eν=(10,100) MeV; and (c) total cross-section
(σνAel) at Tmin=0 as function of Eν . The nuclei (n,Ar,Ge,Xe)
are selected for illustrations.
TABLE I: Illustrations at Eν=50 MeV − the maximum nu-
clear recoil energy, the corresponding lower bounds of F (q2),
as well as the coherency factors α and ξ at Tmin=0.
n Ar Ge Xe
Tmax (keV) 4810 134 73.8 40.9
F (q2) > 0.97 0.63 0.49 0.32
α > − 0.77 0.68 0.57
ξ > − 0.78 0.69 0.58
are defined by the kinematics and detection threshold,
respectively. A threshold of Tmin<2Eν
2/M is required
to detect neutrinos of energy Eν .
Various aspects in the calculations of the nuclear
form factors of Eq. 2 are recently discussed in Ref. [2].
We adopt the effective method of Ref. [13] which as-
sumes the same form factors for neutrons and protons:
FZ(q
2)=FN (q
2)≡F (q2)∈[0,1], with
F (q2) = [
3
qR0
] J1(qR0) exp[−1
2
q2s2] , (5)
where J1(x) is the first-order spherical Bessel function.
The target nuclei dependence is introduced through
R20=R
2−5s2, s=0.5 fm and R=1.2A 13 fm. An alter-
native derivation [6] gives form factors consistent to
<0.07(1.7)% within the kinematic ranges corresponding
to Eν=10(50) MeV.
Several nuclei with experimental interest and hav-
ing different mass ranges − (neutron,Ar,Ge,Xe) at
Z=(0,18,32,54) − are selected for studies. (CsI, hav-
ing Z=55 and 53, can be approximated as Xe in this
discussion). Their corresponding differential and to-
tal cross-sections are the averages of Eqs. 3&4 due
to individual isotopes weighted by their respective
isotopic-abundances. The nuclear form factors F (q2)
as function of T , the differential cross-sections at fixed
Eν=(10,100) MeV and the total cross-sections at Tmin=0
are depicted in Figures 1a,b&c, respectively. The F (q2)
ranges at Eν=50 MeV are illustrated in Table I. The nu-
clear effects as characterized by the deviations from unity
are significant for heavy nuclei.
At q2→0 and F (q2)'1, full coherency is achieved when
the scattering amplitudes due to individual nucleons are
perfectly aligned and are summed with no relative phase
angle, such that the total cross-section is maximal. In
particular at Tmin=0,
σνAel(Tmin = 0) =
G2FEν
2
4pi
[εZ −N ]2 . (6)
The experimental signature of full coherency is that σνAel
varies as [εZ−N ]2. Another feature is that the differen-
tial cross-section at small T,
dσνAel
dT
(T → 0) ' [G
2
FM
4pi
] [εZ −N ]2 (7)
varies with the same factor and is independent of Eν , as
depicted in Figure 1b.
3We note that “coherent pion production” [14] with ac-
celerator neutrinos at high energy is a distinctly different
process. The coherency is due to the coupling of a virtual
meson with the nucleus producing a physical pion, and
hence is a strong interaction effect and varies as A2. The
coherency in νAel interactions, on the other hand, is due
to the coupling of a virtual Z-boson with the nucleus, and
hence is an electroweak process.
Departure from coherency for σνAel is characterized
by deviations from the [εZ−N ]2 scaling as q2 increases.
The amplitude vectors of the different nucleons would
add with a finite relative phase angle rather than being
perfectly aligned. The combined amplitude A can be
described by
A =
Z∑
j=1
eiθjXj +
N∑
k=1
eiθkYk (8)
where Xj(Yk) denotes the coupling strength while
eiθj (eiθk) is the phase for protons(neutrons). For elec-
troweak processes such as σνAel , (Xj ,Yk)=(−ε, 1).
The cross-section comprises (N + Z)2 terms:
σνAel ∝ A A† (9)
=
Z∑
j=1
X 2j +
N∑
k=1
Y2k
+
Z∑
j=l+1
Z−1∑
l=1
[
ei(θj−θl) + e−i(θj−θl)
]
XjXl
+
N∑
k=m+1
N−1∑
m=1
[
ei(θk−θm) + e−i(θk−θm)
]
YkYm
+
Z∑
j=1
N∑
k=1
[
ei(θj−θk) + e−i(θj−θk)
]
XjYk .
Assuming that the decoherence effects between any nu-
cleon pairs can be described by the average phase mis-
alignment angle 〈φ〉∈[0, pi/2], it follows that[
ei(θj−θk) + e−i(θj−θk)
]
= 2 cos(θj − θk) = 2 cos 〈φ〉
(10)
and identically for the other subscript pairs in Eq. 9 with
(j, k)↔(j, l) and (k,m). The degree of coherency can
therefore be quantified by a measurable parameter α, de-
fined as α≡cos 〈φ〉∈[0, 1].
The cross-section ratio between A(Z,N) and neu-
tron(0,1), following expansion of Eq. 9 and assignment
of (Xj ,Yk), is given by:
σνAel(Z,N)
σνAel(0, 1)
(11)
= { ε2Z +N + ε2Z(Z − 1)α+N(N − 1)α− 2εZNα }
= { Zε2[1 + α(Z − 1)] +N [1 + α(N − 1)]− 2αεZN } .
The limiting conditions are: (a) α=1 implies full co-
herency or σνAel∝[εZ −N ]2, while (b) α=0 brings total
decoherency or σνAel∝[ε2Z +N ].
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FIG. 2: (a) The α-contours on the (N ,Eν) plane at Tmin=0,
with bands of realistic neutrino sources and target nuclei su-
perimposed. Variations of α and ξ for Ar,Ge,Xe as functions
of (b) Eν at Tmin=0, and (c) Tmin at Eν=50 MeV, where the
end-points correspond to maximum recoil energies.
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FIG. 3: (a) Neutrino spectra (Φν) from reactor ν¯e, DAR-pi
(νµ,νe,ν¯µ), and solar-
8B νe, normalized by their maxima. (b)
Distributions of [Φν ·σνAel ] at Tmin=0, which are the weights
in the averaging of (α,ξ) to provide measurements of (〈α〉,〈ξ〉).
The relative change in cross-section is an alternative
parameter to characterize partial coherency:
ξ ≡ σνAel(α)
σνAel(α = 1)
= α+ (1− α)
[
(ε2Z +N)
(εZ −N)2
]
. (12)
It readily follows that ξ varies linearly with α, and both
are unity at full coherency.
The parameters (α,ξ) are evaluated with Eqs. 11&12,
respectively, using form factors of Eq. 5. The α-contours
on the (N ,Eν) plane at Tmin=0 are displayed in Fig-
ures 2a, with the bands of realistic neutrino sources and
detector target nuclei superimposed. The variations with
Eν at Tmin=0 are depicted in Figure 2b. There is already
significant decoherency at Eν=50 MeV, with values listed
in Table I. The coherency would further decrease with in-
creasing detector threshold, as illustrated in Figure 2c.
Experimental studies of coherency would be performed
with realistic neutrino sources. The current projects are
based on reactor ν¯e [11], DAR-pi (νµ,νe,ν¯µ) [12], as well
as the high energy solar-8B νe in dark matter exper-
iments [10]. These neutrino spectra (Φν) [12, 15] are
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FIG. 4: Variations of (〈α〉,〈ξ〉) as function of Tmin with
the reactor ν¯e, solar-
8B νe and DAR-pi (νµ,νe,ν¯µ), for (a) Ar,
(b) Ge, and (c) Xe. The end-points correspond to maximum
recoil energies allowed by kinematics.
5TABLE II: The half-maxima in the distributions of [Φν ·σνAel ]
at Tmin=0 for the different neutrino sources, and the values of
〈α〉 probed by the selected target nuclei. The νµ from DAR-pi
is mono-energetic.
ν Half-Maxima of [Φν ·σνAel ] 〈α〉 with
Source in Eν(MeV) Ar Ge Xe
Reactor ν¯e 0.96−4.82 1.00 1.00 1.00
Solar-8B νe 5.6−11.9 0.99 0.99 0.98
DAR-pi νµ 29.8 0.91 0.86 0.80
DAR-pi νe 27.3−49.8 0.89 0.83 0.76
DAR-pi ν¯µ 37.5−52.6 0.85 0.79 0.71
TABLE III: Maximum neutrino energy (Eν) with which co-
herency is maintained among the constituents, as character-
ized by the parameters F (q2max), α and ξ being >0.95.
Parameter Maximum Eν(MeV) for
> 0.95 Ar Ge Xe
F (q2max) 17.2 14.1 11.6
α at Tmin=0 21.1 17.4 14.3
ξ at Tmin=0 21.6 17.6 14.4
depicted in Figure 3a. Experiments on νAel scattering
provide measurements of (〈α〉,〈ξ〉), which are averages
of (α,ξ) weighted with the distributions of [Φν ·σνAel ].
Those at Tmin=0 are displayed in Figure 3b.
The variations of (〈α〉,〈ξ〉) with detector threshold
Tmin for the different neutrino sources and targets
(Ar,Ge,Xe) are depicted in Figures 4a,b&c, respectively.
The values of 〈α〉 at Tmin=0 are summarized in Table II.
There is strong complementarity between the configura-
tions. The combined measurements of differential cross-
sections allow studies of the transitions from coherency
to decoherency in νAel. In particular the low energy re-
actor ν¯e and solar-
8B νe probe the full coherency region
(α>0.9), while the intermediate energy DAR-pi ν’s allow
measurements in the transition regions (0.9>α>0.1).
An objective with the studies of νAel scattering is to
probe physics beyond SM [3, 4]. A direct approach would
be to compare the measured cross-sections with the SM
predictions given in Eqs. 2&4. The sensitivities would
be limited by the uncertainties of the form factors in
describing the nuclear effects. This favors measurements
to be performed at regimes of F (q2)'1. The maximum
Eν ’s which retain F (q
2
max)>0.95 are listed in Table III.
Another distinctive BSM signature is that σνAel would
no longer vary as [εZ − N ]2 even in the coherency
regime of α'1. Dependence characteristics of the de-
viations can reveal the nature of the new physics cou-
plings. For instance, anomalous neutrino magnetic mo-
ments would give rise to an additional contribution which
scales as Z2 (that is, (Xj ,Yk)=(1,0) in Eq. 8) [16],
while BSM physics giving rise to the dark matter spin-
independent couplings are usually taken as varying with
A2 or (Xj ,Yk)=(1,1) [10]. Sensitivities would be con-
strained for measurements in kinematics space where co-
herency is partial. The maximum Eν at Tmin=0 which
maintain coherency with α and ξ at >0.95 are shown in
Table III. Low energy neutrino sources like reactor and
solar neutrinos are better suited to probe BSM effects in
νAel, although more sensitive experiments are necessary
since the measurable recoil energy is lower. These ex-
periments do not have beam-structures for background
subtraction but are not vulnerable to neutrino-induced
neutron background like those with DAR-pi sources.
Detailed quantitative studies on the search strategies
and potential reaches of different BSM models with νAel
interactions, as well as the sensitivity constraints due to
decoherency effects are subjects of future research.
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